Introduction {#Sec1}
============

The Standard Model of particle physics (SM) is an extremely successful theory, describing the fundamental building blocks of nature and the interactions between them. Despite its many successes, it is known that the SM does not provide a complete description: for example it does not explain the abundance of dark matter in our universe, known to exist from astrophysical observations \[[@CR1]--[@CR3]\]. One of the main aims of the physics programme at the Large Hadron Collider (LHC) \[[@CR4]\] is to find evidence of new phenomena, either via directly searching for the signatures predicted by specific scenarios beyond the Standard Model (BSM) or, as is the case in this paper, by performing a more general search for deviations from SM predictions.

New physics phenomena at the LHC may manifest themselves as events with jets of collimated, mostly hadronic, particles and a momentum imbalance in the plane transverse to the LHC beams, known as missing transverse momentum, $\documentclass[12pt]{minimal}
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                \begin{document}$$p_\mathrm {T}^\mathrm {miss}$$\end{document}$. The $\documentclass[12pt]{minimal}
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                \begin{document}$$p_\mathrm {T}^\mathrm {miss}$$\end{document}$ may indicate the presence of particles that do not interact via the strong or electromagnetic interactions and therefore cannot be directly detected in the LHC detectors. These particles are referred to as invisible. In particular, new-physics models predicting the existence of weakly interacting massive particles (WIMPs), dark-matter candidates that could be produced at the LHC, could lead to such a signature \[[@CR5]\]. As an example, a Feynman diagram is shown in Fig. [1](#Fig1){ref-type="fig"}a, where a mediator, *A*, is produced in association with a gluon-initiated jet and decays to a WIMP pair ($\documentclass[12pt]{minimal}
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                \begin{document}$$\chi \bar{\chi }$$\end{document}$). Limits have previously been placed in such models by comparing the number of events in $\documentclass[12pt]{minimal}
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                \begin{document}$$p_\mathrm {T}^\mathrm {miss}{} + \mathrm {jets}$$\end{document}$ final states in LHC data with the number of background events expected to be seen in the detector (the detector level) \[[@CR6], [@CR7]\]. Another possible production mechanism for the experimental observation of weakly interacting BSM particles is vector-boson fusion (VBF) \[[@CR8]\], as shown in Fig. [1](#Fig1){ref-type="fig"}b. This is a topology similar to that in the invisible decay of a VBF-produced Higgs boson \[[@CR9]--[@CR11]\], for which limits have previously been set \[[@CR12], [@CR13]\] using detector-level data. The dominant SM process leading to the same final states is the production of a $\documentclass[12pt]{minimal}
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                \begin{document}$$Z$$\end{document}$ boson decays to a pair of neutrinos. Example diagrams are shown in Fig. [1](#Fig1){ref-type="fig"}c, d.Fig. 1Example Feynman diagrams for WIMP $\documentclass[12pt]{minimal}
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                \begin{document}$$\chi $$\end{document}$ pair production with mediator *A* produced **a** in association with one jet and **b** via vector-boson fusion. Example Feynman diagrams for the Standard Model background to **c** the process with one jet and **d** the vector-boson fusion process

This paper presents a measurement of differential observables that are sensitive to the anomalous production of events containing one or more hadronic jets with high transverse momentum, $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\text {T}}$$\end{document}$, produced in association with a large $\documentclass[12pt]{minimal}
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                \begin{document}$$p_\mathrm {T}^\mathrm {miss}$$\end{document}$. The measurements are performed using data corresponding to an integrated luminosity of 3.2 fb$\documentclass[12pt]{minimal}
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                \begin{document}$$\text {TeV}$$\end{document}$, collected by the ATLAS detector \[[@CR14]\] in 2015. The observables are corrected for detector inefficiencies and resolutions and are presented at the particle level. They are constructed from a ratio of cross-sections,$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} R^{\mathrm {miss}} = \frac{\sigma _{\text {fid}} \left( p_\mathrm {T}^\mathrm {miss}{} + \mathrm {jets}{} \right) }{\sigma _{\text {fid}} \left( \ell ^{+}\ell ^{-} + \mathrm {jets}{} \right) }, \end{aligned}$$\end{document}$$defined in a fiducial phase space. The numerator is the fiducial cross-section for $\documentclass[12pt]{minimal}
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                \begin{document}$$p_\mathrm {T}^\mathrm {miss}{} + \mathrm {jets}$$\end{document}$ events, which corresponds to the fiducial cross-section for inclusive $\documentclass[12pt]{minimal}
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                \begin{document}$$Z(\rightarrow \nu \bar{\nu })+$$\end{document}$ jets production in the SM. The denominator is the fiducial cross-section for $\documentclass[12pt]{minimal}
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                \begin{document}$$\ell ^{+}\ell ^{-} + \mathrm {jets}$$\end{document}$ events, where the unobserved system that produces the $\documentclass[12pt]{minimal}
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                \begin{document}$$p_\mathrm {T}^\mathrm {miss}$$\end{document}$ in the numerator is replaced by an observed, opposite-sign, same-flavour pair of charged leptons consistent with originating from a $\documentclass[12pt]{minimal}
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                \begin{document}$$Z/\gamma ^*$$\end{document}$ boson. The lepton pair can be either a pair of electrons or muons. The jet system is required to satisfy very similar selection criteria in both the $\documentclass[12pt]{minimal}
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                \begin{document}$$p_\mathrm {T}^\mathrm {miss}{} + \mathrm {jets}$$\end{document}$ and $\documentclass[12pt]{minimal}
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                \begin{document}$$\ell ^{+}\ell ^{-} + \mathrm {jets}$$\end{document}$ samples of events so as to significantly reduce experimental and theoretical uncertainties in the ratio measurement. The presence of BSM physics in the numerator would lead to a discrepancy between the measured ratio and that predicted by the SM.

The approach used in this paper allows for direct comparison of SM and BSM predictions at the particle level, without the need to simulate the effects of the ATLAS detector. This is computationally efficient and enables those without access to a precise simulation of the ATLAS detector to compare the data with predictions from alternative BSM models as they become available. Since each alternative BSM model may predict event signatures with different kinematic properties, the publication of the kinematic distributions enhances the usefulness and longevity of the data. Furthermore, future improvements in the predictions of the SM processes that contribute to the ratio can be compared to the particle-level data and limits in BSM models can be updated accordingly.

Particle-level measurements of SM processes are common in collider physics and have, on occasion, been used to set limits in BSM models (see e.g. \[[@CR15]\]), although not to search for new physics in the $\documentclass[12pt]{minimal}
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                \begin{document}$$p_\mathrm {T}^\mathrm {miss}{} + \mathrm {jets}$$\end{document}$ final state. Moreover, a measurement of the particle-level ratio allows the denominator to provide a constraint on the dominant SM process contributing to the $\documentclass[12pt]{minimal}
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                \begin{document}$$p_\mathrm {T}^\mathrm {miss}{} + \mathrm {jets}$$\end{document}$ final state. Many sources of systematic uncertainty cancel in the ratio because the requirements on the hadronic system and the definition of the measured kinematic variables, determined from the hadronic system, are similar in the numerator $\documentclass[12pt]{minimal}
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                \begin{document}$$p_\mathrm {T}^\mathrm {miss}{} + \mathrm {jets}$$\end{document}$ and denominator $\documentclass[12pt]{minimal}
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                \begin{document}$$\ell ^{+}\ell ^{-} + \mathrm {jets}$$\end{document}$ events. This is made possible by treating the identified charged leptons in $\documentclass[12pt]{minimal}
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                \begin{document}$$\ell ^{+}\ell ^{-} + \mathrm {jets}$$\end{document}$ events as invisible when calculating the $\documentclass[12pt]{minimal}
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                \begin{document}$$p_\mathrm {T}^\mathrm {miss}$$\end{document}$. This cancellation occurs, for example, for phenomenological uncertainties in the prediction of initial-state parton radiation and experimental uncertainties in the jet reconstruction, energy scale and resolution.

The ratio measurements are presented in two phase-space regions: the $\documentclass[12pt]{minimal}
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                \begin{document}$$\ge 1 \, \mathrm {jet}$$\end{document}$ region, containing at least one high-$\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\text {T}}$$\end{document}$ jet, and the VBF region, containing at least two high-$\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\text {T}}$$\end{document}$ jets, and satisfying additional selection criteria to enhance the VBF process. This ratio is measured as a function of a number of kinematic properties of the hadronic system of the event and the statistical and systematic correlations between the different distributions are determined. The data and correlation information are made publicly available.

The remainder of this paper is laid out as follows. The ATLAS detector and event reconstruction are described in Sect. [2](#Sec2){ref-type="sec"}. The fiducial regions defined by particle-level objects and event selections, together with the measured variables, are detailed in Sect. [3](#Sec3){ref-type="sec"}. The $\documentclass[12pt]{minimal}
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                \begin{document}$$p_\mathrm {T}^\mathrm {miss}{} + \mathrm {jets}$$\end{document}$ and $\documentclass[12pt]{minimal}
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                \begin{document}$$\ell ^{+}\ell ^{-} + \mathrm {jets}$$\end{document}$ event samples are selected as described in Sect. [4](#Sec4){ref-type="sec"}. Samples of events were produced with Monte Carlo event generators and are used to correct the data for detector effects, to estimate background and signal contributions, and to assign systematic uncertainties to the results. Details of these samples are given in Sect. [5](#Sec5){ref-type="sec"}. Predicted backgrounds, explained in Sect. [6](#Sec6){ref-type="sec"}, are subtracted from the selected data and the ratio is computed. A correction for detector effects is applied to the ratios, as described in Sect. [7](#Sec7){ref-type="sec"}, so that they are defined at particle level with the definitions from Sect. [3](#Sec3){ref-type="sec"}. Systematic uncertainties in the measurement and theoretical predictions are summarised in Sect. [8](#Sec8){ref-type="sec"}. The detector-corrected events in the electron and muon channels are combined to form particle-level ratios to $\documentclass[12pt]{minimal}
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                \begin{document}$$\ell ^{+}\ell ^{-} + \mathrm {jets}$$\end{document}$ events, as described in Sect. [9](#Sec9){ref-type="sec"}. These are compared to the expected SM ratios and to the expected ratios including example BSM models in Sect. [10](#Sec10){ref-type="sec"}. The results are discussed in Sect. [11](#Sec11){ref-type="sec"} and example limits are placed on BSM model parameters. Finally, conclusions are given in Sect. [12](#Sec12){ref-type="sec"}.

ATLAS detector and event reconstruction {#Sec2}
=======================================

The ATLAS detector \[[@CR14], [@CR16], [@CR17]\] is a multipurpose particle detector with a cylindrical geometry. ATLAS consists of layers of tracking detectors, calorimeters, and muon chambers. The inner detector (ID) covers the pseudorapidity range $\documentclass[12pt]{minimal}
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                \begin{document}$$|\eta | < 2.5$$\end{document}$.[1](#Fn1){ref-type="fn"} The ID is immersed in a 2 T magnetic field and measures the trajectories and momenta of charged particles. The calorimeter covers the pseudorapidity range $\documentclass[12pt]{minimal}
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                \begin{document}$$|\eta | <2.47$$\end{document}$, the finely segmented electromagnetic calorimeter identifies electromagnetic showers and measures their energy and position, providing electron identification together with the ID. The muon spectrometer (MS) surrounds the calorimeters and provides muon identification and measurement in the region $\documentclass[12pt]{minimal}
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Jets are reconstructed from energy deposits in the calorimeters, using the anti-$\documentclass[12pt]{minimal}
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                \begin{document}$$k_t$$\end{document}$ jet algorithm \[[@CR18], [@CR19]\], with a jet-radius parameter of 0.4. The measured jet $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\text {T}}$$\end{document}$ is corrected \[[@CR20]\] for the detector response and contributions to the jet energy from multiple proton--proton interactions (pileup). Jet quality selection criteria \[[@CR21]\] are applied. Track-based variables are then used to suppress jets with $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\text {T}} < 50$$\end{document}$ $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\text {GeV}$$\end{document}$ by requiring that a significant fraction of the tracks associated with each jet must have an origin compatible with the primary vertex in the event, which further suppresses jets from pileup interactions.

A muon is reconstructed by matching a track (or track segment) reconstructed in the MS to a track reconstructed in the ID. Its momentum is calculated by combining the information from the two systems and correcting for energy deposited in the calorimeters. Quality requirements are applied using the *loose* working point as described in Ref. \[[@CR22]\]. An electron is reconstructed from an energy deposit (cluster) in the electromagnetic calorimeter matched to a track in the ID. Its momentum is computed from the cluster energy and the direction of the track. Electrons are distinguished from other particles using several identification criteria that rely on the shapes of electromagnetic showers as well as tracking and track-to-cluster matching quantities. The output of a likelihood function taking these quantities as input, similar to that described in Ref. \[[@CR23]\], and using the *loose* working point described therein, is used to identify electrons. Data-driven energy/momentum scale corrections \[[@CR22]\] are applied to both reconstructed muons and electrons. Leptons are required to be associated with the primary vertex, defined as the vertex with the highest $\documentclass[12pt]{minimal}
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                \begin{document}$$\Sigma p_{\text {T}} ^2$$\end{document}$ of its associated tracks, in order to suppress leptons originating from pileup and secondary decays. Hadronic decays of $\documentclass[12pt]{minimal}
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                \begin{document}$$+ \nu $$\end{document}$) are predominantly characterised by the presence of one or three charged particles and possibly neutral pions. A multivariate boosted decision tree identification, based on calorimetric shower shape and track multiplicity of the $\documentclass[12pt]{minimal}
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                \begin{document}$$\tau $$\end{document}$ candidates, is used to reject jets faking $\documentclass[12pt]{minimal}
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                \begin{document}$$\tau $$\end{document}$ leptons. More details are given in Ref. \[[@CR24]\], with the *loose* working point being used in this analysis.
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                \begin{document}$$p_\mathrm {T}^\mathrm {miss}$$\end{document}$ is reconstructed as the magnitude of the negative vector sum of the transverse momenta of all detected particles, as described in Ref. \[[@CR25]\]. The $\documentclass[12pt]{minimal}
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                \begin{document}$$p_\mathrm {T}^\mathrm {miss}$$\end{document}$ calculation uses a soft term that is calculated using tracks within the ID which are not associated with jets or with leptons that are being treated as invisible particles. The momenta of calibrated jets with $\documentclass[12pt]{minimal}
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                \begin{document}$$\text {GeV}$$\end{document}$ are used.

Events in the numerator and the ![](10052_2017_5315_Figa_HTML.gif){#d29e23848} denominator are selected by a trigger that requires $\documentclass[12pt]{minimal}
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                \begin{document}$$\text {GeV}$$\end{document}$, as computed in the final stage of the two-level trigger system. Since the momenta from muons are not included in the $\documentclass[12pt]{minimal}
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                \begin{document}$$p_\mathrm {T}^\mathrm {miss}$$\end{document}$ calculation in this trigger, the muons appear to the trigger as invisible particles and hence the trigger can also be used to select ![](10052_2017_5315_Figb_HTML.gif){#d29e23898} events. This trigger is 100% efficient for the offline $\documentclass[12pt]{minimal}
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                \begin{document}$$\text {GeV}$$\end{document}$ requirement used in the analysis. Events in the ![](10052_2017_5315_Figc_HTML.gif){#d29e23933} denominator are selected by a single-electron trigger, with an efficiency ranging between 93% and more than 99% for electrons with $\documentclass[12pt]{minimal}
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                \begin{document}$$\text {GeV}$$\end{document}$, depending on their pseudorapidity.

Particle-level objects, event selections and measured variables {#Sec3}
===============================================================

The detector-corrected data are presented in fiducial regions defined in this section. The definition of the measured variables is also given. The final state of an event is defined using all particles with $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$c\tau $$\end{document}$ longer than 10 mm. Final-state particles that interact via the strong or electromagnetic interactions are referred to as visible particles, whereas those that interact via neither are referred to as invisible particles.
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                \begin{document}$$R^{\mathrm {miss}}$$\end{document}$ are required to have exactly one opposite-sign, same-flavour pair of prompt[2](#Fn2){ref-type="fn"} leptons: an $\documentclass[12pt]{minimal}
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Detector-level event selection {#Sec4}
==============================

Events are required to contain a primary vertex with at least two associated tracks, each with $\documentclass[12pt]{minimal}
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In this analysis, identified charged leptons are either vetoed or treated as invisible particles in the $\documentclass[12pt]{minimal}
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Monte Carlo simulation {#Sec5}
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                \begin{document}$$W$$\end{document}$ bosons in association with jets were simulated using the [Sherpa]{.smallcaps} v2.2.0 event generator \[[@CR28]\]. Matrix elements were calculated for up to two additional parton emissions at next-to-leading-order (NLO) accuracy and up to four additional parton emissions at leading-order (LO) accuracy using the Comix \[[@CR29]\] and OpenLoops \[[@CR30]\] matrix element generators and merged with the [Sherpa]{.smallcaps} parton shower \[[@CR31]\], which is based on Catani--Seymour subtraction terms. The merging of multi-parton matrix elements with the parton shower is achieved using an improved CKKW matching procedure \[[@CR32], [@CR33]\], which is extended to NLO accuracy using the MEPS\@NLO prescription \[[@CR34]\]. The [NNPDF3.0]{.smallcaps}nnlo parton distribution function (PDF) set \[[@CR35]\] was used in conjunction with the dedicated parton-shower tuning developed by the [Sherpa]{.smallcaps} authors. These $\documentclass[12pt]{minimal}
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                \begin{document}$$V+$$\end{document}$jets samples were produced with a simplified scale-setting prescription in the multi-parton matrix elements to improve the event generation speed. A theory-based reweighting of the jet-multiplicity distribution is applied, derived from event generation with the strict scale prescription. The samples are normalised to a next-to-next-to-leading-order (NNLO) prediction \[[@CR36]\]. The full set-up is described in detail in Ref. \[[@CR37]\]. Electroweakly produced $\documentclass[12pt]{minimal}
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Alternative samples of events with $\documentclass[12pt]{minimal}
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                \begin{document}$$V+$$\end{document}$jets simulated using [MG5\_]{.smallcaps}a[MC]{.smallcaps}@[NLO]{.smallcaps} v2.2.2 \[[@CR40]\] at LO and interfaced to the [Pythia]{.smallcaps} v8.186 \[[@CR41]\] parton shower are used for cross-checks and for the determination of systematic uncertainties. The ATLAS A14 set of tuned parameters \[[@CR42]\] is used together with the NNPDF3.0nlo PDF set. These samples are also normalised to the NNLO prediction.

Top--antitop pair production \[[@CR43]\], as well as single-top-quark production in the *Wt* \[[@CR44]\] and *s*-channels \[[@CR45], [@CR46]\], were generated using the Powheg-Box v2 \[[@CR47]--[@CR49]\] event generator with the CT10nlo PDF set for the matrix element calculations. Single-top *t*-channel events were generated using the Powheg-Box v1 event generator. Parton showering, hadronisation, and the underlying event were provided by [Pythia]{.smallcaps} v6.428 \[[@CR50]\] using the CTEQ6L1 PDF set \[[@CR51]\] and the Perugia 2012 (P2012) set of tuned parton-shower parameters \[[@CR52]\]. The full set-up of these top-quark samples is described in detail in Ref. \[[@CR53]\]. The top-pair samples are normalised to a calculation at NNLO accuracy including soft-gluon resummation at next-to-next-to-leading logarithmic (NNLL) accuracy \[[@CR54]\]. The single-top samples are normalised using an NLO calculation including the resummation of soft gluon terms at NNLL accuracy \[[@CR55]--[@CR57]\].

WIMP simplified signal models were simulated using Powheg-Box v2 (r3049) using the model described in Ref. \[[@CR58]\]. This model implements the production of WIMP pairs with *s*-channel spin-1 mediator exchange at NLO precision. Events were generated with the NNPDF3.0nlo PDF set with parton showering using [Pythia]{.smallcaps} v8.205 \[[@CR59]\] with the A14 \[[@CR42]\] parameter set. This model has a coupling $\documentclass[12pt]{minimal}
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In order to assess the sensitivity to invisible decays of the Higgs boson, $\documentclass[12pt]{minimal}
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                \begin{document}$$H \rightarrow ZZ \rightarrow 4\nu $$\end{document}$ events were simulated using Powheg-Box v1 \[[@CR61]--[@CR63]\] with CT10 PDFs, and [Pythia]{.smallcaps} v8.165 simulating the parton shower, hadronisation and underlying event. The cross-sections and their uncertainties for Higgs boson production via vector-boson fusion, gluon--gluon fusion, and associated production are taken from Ref. \[[@CR64]\].

In order to search for general signatures of Dirac-fermion dark-matter coupling to weak bosons, an implementation \[[@CR65]\] of an effective field theory \[[@CR8]\] (EFT) in [FeynRules]{.smallcaps} v2.3.1 \[[@CR66]\] was used, with [MadGraph5]{.smallcaps} v2.2.3 \[[@CR40]\] used to simulate the hard interaction. This EFT includes ten possible dimension-five to dimension-seven operators with a range of possible Lorentz structures, including some with different charge-parity (*CP*) properties for the effective interaction between weak bosons and a dark matter candidate. This model was interfaced to [Pythia]{.smallcaps} v8.212 with the A14 parameter set and the NNPDF23LO \[[@CR67]\] PDF to simulate the effects of parton showering, hadronisation and the underlying event.

All SM MC simulation samples were passed through [GEANT4]{.smallcaps} \[[@CR68], [@CR69]\] for a full simulation \[[@CR70]\] of the detector and are then reconstructed using the same analysis chain as the data. Scale factors are applied to the simulated events to correct for the small differences from data in the trigger, reconstruction, identification, isolation, and impact parameter efficiencies for leptons \[[@CR22], [@CR23]\]. Furthermore, the lepton and jet momentum scales and resolutions are adjusted to match the data. Additional proton--proton collisions in the same bunch crossing are overlaid. These are based on soft strong-interaction processes simulated with [Pythia]{.smallcaps} v8.186 using the MSTW2008lo PDF set \[[@CR71]\] along with the A2 set of tuned parton-shower parameters \[[@CR72]\]. The average number of proton--proton interactions per bunch crossing in this data set is 13.7.

Backgrounds {#Sec6}
===========
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The contribution from this background is estimated using two $\documentclass[12pt]{minimal}
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                \begin{document}$$\ge 1 \, \mathrm {jet}$$\end{document}$ phase space and **c**, **d** VBF phase space. The lower panel shows the ratio of data to the Standard Model prediction. The error bars show the statistical uncertainty of the data. Uncertainties in the predictions are shown as hatched bands and include the statistical component as well as systematic contributions from theoretical predictions, lepton efficiencies and jet energy scales and resolutions to the MC predictions and uncertainties in the data-driven background estimates, explained in Sect. [8](#Sec8){ref-type="sec"} Fig. 3Comparisons between detector-level distributions for data and MC simulation of $\documentclass[12pt]{minimal}
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                \begin{document}$$ \Delta \phi _{\mathrm {jj}}$$\end{document}$ in the VBF phase space. The lower panel shows the ratio of data to the Standard Model prediction. The error bars show the statistical uncertainty of the data. Uncertainties in the predictions are shown as hatched bands and include the statistical component as well as systematic contributions from theoretical predictions, lepton efficiencies and jet energy scales and resolutions to the MC predictions and uncertainties in the data-driven background estimates, explained in Sect. [8](#Sec8){ref-type="sec"}

Detector corrections {#Sec7}
====================

The data are corrected for the inefficiencies and resolutions of the detector and trigger and are presented in terms of particle-level variables as defined in Sect. [3](#Sec3){ref-type="sec"}. Due to the similarity in the $\documentclass[12pt]{minimal}
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Event migration between bins in the distributions, due to differences in the particle-level and detector-level variables, is small due to the relatively wide bins and therefore ignored. In the absence of a BSM signal, dependencies of the migrations on the underlying distributions are very similar for the numerator and denominator and therefore systematic uncertainties arising from this source cancel in the ratio. The possible impact of signals on the correction factors has been studied and found to be small. The presence of a large BSM component in the numerator due to WIMP production with an axial-vector mediator mass of 1 $\documentclass[12pt]{minimal}
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Systematic and statistical uncertainties {#Sec8}
========================================

Uncertainties in the measured detector-corrected ratios are discussed in this section and summarised in Table [2](#Tab2){ref-type="table"}. The dominant experimental systematic uncertainties come from the reconstruction and isolation efficiency of muons and the reconstruction, isolation and trigger efficiency of electrons. These uncertainties affect the detector corrections, the $\documentclass[12pt]{minimal}
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Three categories of theoretical uncertainties are considered. Firstly, an uncertainty of 30% in the cross-section of processes involving top quarks in the numerator is assigned. This indirectly affects the extrapolation of $\documentclass[12pt]{minimal}
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Also shown in the Fig. [4](#Fig4){ref-type="fig"} is a comparison with SM+BSM for four BSM models. These four models comprise a simplified model for WIMP production with an *s*-channel exchange of an axial-vector mediator with a mass of 1 $\documentclass[12pt]{minimal}
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                \begin{document}$$ \Delta \phi _{\mathrm {jj}}$$\end{document}$ values is seen, indicating that jets with this topology are more likely to be removed in the denominator. The data and SM predictions are in agreement with an overall *p*-value including all distributions of 22% taking into account statistical and systematic correlations. In addition to the measured ratios, a covariance matrix for all four distributions, taking into account the statistical and systematic correlations between all bins in the data, is produced using a bootstrap procedure. When forming the covariance matrix the uncertainties are symmetrised by taking the maximum of the upward and downward uncertainties.

The detector-corrected ratio for all four distributions, together with the covariance matrix for the statistical and systematic uncertainties, as well as model uncertainties in the SM prediction for the numerator and denominator, and acceptance uncertainties in the WIMP model, are used to set limits on the mass of the axial-vector mediator ($\documentclass[12pt]{minimal}
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The overall rate and kinematic properties of events in the axial-vector mediator WIMP model under study are defined by four parameters: the WIMP candidate mass, the mediator mass and the strengths of the mediator interaction with quarks and WIMPs. The expected and observed 95% confidence level (CL) exclusion limits as a function of mediator and WIMP mass are shown in Fig. [5](#Fig5){ref-type="fig"}, for fixed mediator couplings of $\documentclass[12pt]{minimal}
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                \begin{document}$$m_\chi >\sqrt{\pi /2}\,m_A$$\end{document}$) \[[@CR82]\]. The points in the mass plane compatible with the relic density measured by Planck \[[@CR83]\] and WMAP \[[@CR84]\] are represented by a red continuous line, with WIMP masses below this line or mediator masses to the right of this line corresponding to dark-matter overproduction. The highest mediator mass observed (expected) to be excluded at 95% CL is 1.24 $\documentclass[12pt]{minimal}
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                \begin{document}$$\text {TeV}$$\end{document}$). For comparison, limits set using detector-level observables \[[@CR6]\] are also shown. For high mediator masses, the expected limits in the present analysis are slightly weaker, due to the limited number of events in the denominator, whereas the observed limits are slightly stronger compared to the detector-level analysis. This difference between expected and observed limits is driven entirely by systematic uncertainty correlations between bins of the corrected distributions. Switching between using the default correlation model and a simple correlation model assuming 100% correlation between bins for each source of experimental systematic uncertainty changes the observed limit in mediator mass by approximately 10 $\documentclass[12pt]{minimal}
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The detector-corrected data are also used to search for Higgs boson decays to invisible particles in the same manner. Limits are placed on the production rate of the Higgs boson multiplied by its branching fraction to invisible particles relative to the total Higgs boson production rate as predicted by the SM \[[@CR85]\]. The expected 95% CL upper limit for a Higgs boson with a mass of 125 $\documentclass[12pt]{minimal}
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                \begin{document}$$\text {TeV}$$\end{document}$ data set \[[@CR12]\], with an event selection optimised for this particular process.

The detector-corrected data are further used to set limits on the production of Dirac-fermion dark matter in a generalised effective field theory (EFT) where dark matter interacts only with electroweak bosons. Limits are set as a function of the invariant mass of the dark-matter candidate and the EFT scale, $\documentclass[12pt]{minimal}
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                \begin{document}$$g_\chi $$\end{document}$ would be couplings of the SM and dark-matter particles to some hypothetical heavy mediating particle with mass *M*. The scenario where production is dominated by two specific dimension-seven effective operators, $\documentclass[12pt]{minimal}
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                \begin{document}$$V=W/Z$$\end{document}$) and two dark-matter particles is considered. This EFT is described in Ref. \[[@CR8]\] where an assessment of the EFT validity for these operators is also conducted. These operators are particularly interesting as sensitivity benchmarks since they are insensitive to constraints from *Z*-boson invisible-width measurements.

Figure [6](#Fig6){ref-type="fig"} shows the 95% CL expected and observed limits extracted from the fit to all four measured distributions, compared to indirect-detection limits. For the *CP*-conserving operator, expected (observed) limits on the EFT scale range from 0.78 (0.89) $\documentclass[12pt]{minimal}
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                \begin{document}$$\text {TeV}$$\end{document}$. Limits for the *CP*-violating operator are stronger than for the *CP*-conserving equivalent, ranging from 0.99 (1.14) $\documentclass[12pt]{minimal}
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                \begin{document}$$\text {TeV}$$\end{document}$. Limits from indirect dark matter detection experiment results \[[@CR8], [@CR86], [@CR87]\] interpreted in terms of these effective operators overlaid on Fig. [6](#Fig6){ref-type="fig"} are sensitive up to EFT scales of 100--200 $\documentclass[12pt]{minimal}
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                \begin{document}$$\text {GeV}$$\end{document}$.Fig. 6Exclusion contours (at 95% CL) for Dirac-fermion dark matter produced via a contact interaction with two electroweak bosons as described in an effective field theory with two dimension-seven operators (described in text) with different charge-parity properties. Limits are set as a function of dark-matter mass and the effective field theory scale, $\documentclass[12pt]{minimal}
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                \begin{document}$$\Lambda $$\end{document}$. The solid purple (green) curve shows the median of the observed (expected) limit. Also shown are limits on these operators from indirect-detection experiments. The yellow filled region around the expected limit indicates the effect of $\documentclass[12pt]{minimal}
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                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ m_{\mathrm {jj}}$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ \Delta \phi _{\mathrm {jj}}$$\end{document}$ distributions in the VBF phase space

The limits presented above assume a single operator would dominate the dark-matter production rate, but the detector-corrected data and covariance information can be used to explore more complex scenarios where multiple operators could contribute to the observed production rate with arbitrary relative rates and induce interference contributions between processes that would introduce non-trivial shapes and correlations between all three observables presented in this paper. The impact on the ratios in such an EFT model is demonstrated in Fig. [4](#Fig4){ref-type="fig"} and is unlike the axial-vector mediator WIMP model and Higgs model presented above which predominantly modify only the $\documentclass[12pt]{minimal}
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The data have been corrected for detector effects and can be compared to any SM prediction or a combination of SM and BSM predictions at particle level, where the BSM model produces $\documentclass[12pt]{minimal}
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                \begin{document}$$W$$\end{document}$ background estimation, for which the extrapolation factors from control regions to the signal regions, determined using SM MC simulation, would be incorrect. Similarly, new-physics models with two leptons, entering the denominator, can only be reliably constrained by the data if the leptons have kinematics that are qualitatively similar to those in SM events, otherwise differences in the lepton efficiency correction factors may be observed. The data, together with the full covariance matrix for the uncertainties, are stored in HepData \[[@CR88]\] and the analysis is included as a routine in the Rivet \[[@CR89]\] software framework, in order to ease comparisons. Also stored in HepData are the SM numerator and denominator predicted by [Sherpa]{.smallcaps}, together with the covariance matrix for their uncertainties, such that these can be used when comparing to BSM models without having to simulate the SM contributions.

Conclusions {#Sec12}
===========

Observables sensitive to the anomalous production of events containing one or more hadronic jets with high transverse momentum produced in association with a large $\documentclass[12pt]{minimal}
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                \begin{document}$$p_\mathrm {T}^\mathrm {miss}$$\end{document}$ have been measured differentially with respect to a number of properties of the hadronic system. The results are presented as a measurement of the ratio of $\documentclass[12pt]{minimal}
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                \begin{document}$$\ell ^{+}\ell ^{-} + \mathrm {jets}$$\end{document}$ events and are fully corrected for detector effects. This is the first detector-corrected measurement of observables specifically designed to be sensitive to dark-matter production.
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                \begin{document}$$\ge 1 \, \mathrm {jet}$$\end{document}$ inclusive sample and a VBF topology. The particle-level differential ratio measurements are found to be consistent with the SM expectations.

Using this infrastructure, limits are placed in three BSM scenarios: a simplified model of pair production of weakly interacting dark-matter candidates, a model with an invisibly decaying Higgs boson, and an effective field theory with general interactions of electroweak bosons with a dark-matter candidate. Limits in simplified models are competitive with previous approaches and the use of shape information in the differential spectra measured in this paper provides improved sensitivity to models where the dark-matter candidate mass is close to half the mediator mass. For the specific effective field theory operators considered in the interpretation, the dark-matter interactions would evade direct-detection experiments. The results presented here represent the most stringent constraints to date on such interactions, with an order-of-magnitude improvement over previous limits from indirect-detection experiments.

The detector-corrected data are published along with the statistical and systematic uncertainty correlations so that they can easily be used in the future to place limits in a wide range of new-physics models that predict final states with jets and missing transverse momentum.

ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point in the centre of the detector and the *z*-axis along the beam pipe. The *x*-axis points to the centre of the LHC ring, and the *y*-axis points upward. Cylindrical coordinates $\documentclass[12pt]{minimal}
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                \begin{document}$$p_z$$\end{document}$ is the momentum component along the beam direction.

Prompt refers to particles not coming from the decay of a hadron or from the decay of a $\documentclass[12pt]{minimal}
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The denominator also includes the presence of the $\documentclass[12pt]{minimal}
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